The small GTP-binding protein Ral is activated by RalGDS, one of the eector molecules for Ras. Active Ral binds to a GTPase activating protein for CDC42 and Rac. Although previous studies suggest a role for Ral in the regulation of CDC42 and Rac, which are involved in arranging the cytoskeleton, its in vivo function is largely unknown. To examine the eect of overexpressing Ral on development, transgenic Drosophila were generated that overexpress wild-type or mutated Ral during eye development. While wild-type Ral caused no developmental defects, expression of a constitutively activated protein resulted in a rough eye phenotype. Activated Ral did not aect cell fate determination in the larval eye discs but caused severe disruption of the ommatidial organization later in pupal development. Phalloidin staining showed that activated Ral perturbed the cytoskeletal structure and cell shape changes during pupal development. This phenotype is similar to that caused by RhoA overexpression. In addition, the phenotype was synergistically enhanced by the coexpression of RhoA. These results suggest that Ral functions to control the cytoskeletal structure required for cell shape changes during Drosophila development.
Introduction
Ral is a member of a family of Ras-like small GTPase proteins (reviewed by Feig et al., 1996) . Like all other Ras-like GTPases (Bos, 1997) , Ral cycles between GTP-bound active and GDP-bound inactive forms. Replacement of GDP with GTP, which is required for the activation of Ral, is promoted by at least three guanine-nucleotide-exchange factors (GEFs): RalGDS (Albright et al., 1993) , RGL (Kikuchi et al., 1994; Murai et al., 1997) , and RLF (Wolthuis et al., 1996) . Interestingly, all these RalGEFs interact with the active form of Ras (Kikuchi et al., 1994; Hofer et al., 1994; Spaargaren and Bischo, 1994) . In addition, stimulation of cells with insulin or epidermal growth factor results in an increase in Ral-GTP through the activation of Ras Wolthuis et al., 1998) . These ®ndings suggest that activated Ral, which results the interaction of Ras with RalGEFs, mediates some of the downstream signaling from activated Ras. Indeed, RalGEFs and Ral have been implicated in Ras-induced DNA synthesis, gene expression, and oncogenic transformation White et al., 1996; Okazaki et al., 1997; Miller et al., 1997; Wolthuis et al., 1997) .
Recently, putative downstream targets for Ral have been identi®ed. The binding of Ral to phospholipase D (PLD) is required for the activation of PLD downstream of activated Ras (Jiang et al., 1995) . In addition, RalBP1 (also called RLIP or RIP1) binds to the eector domain of the active Ral protein (Cantor et al., 1995; Jullien-Flores, 1995; Park et al., 1995) . RalBP1 contains a RhoGAP domain and acts as GTPase activating protein (GAP) for CDC42 and Rac, small GTP-binding proteins that regulate the actin cytoskeleton (Cantor et al., 1995; Jullien-Flores, 1995; Park et al., 1995) . Thus, it is possible that RalGEFs and Ral function downstream of Ras to regulate the actin cytoskeleton through modi®cation of the activities of CDC42 and/or Rac. However, the function of Ral in cytoskeletal regulation has not been determined.
During the development of multicellular organisms, proper regulation of the actin cytoskeleton is essential for precise cell shape changes. Members of the Rho family of small GTPases have been implicated in such processes (reviewed by Aelst and D'Souza-Schorey, 1997). The fruit¯y, Drosophila melanogaster, provides a unique system to investigate the roles of the small GTP-binding proteins in development. The Drosophila homologues of RhoA, Rac1, Rac2 and CDC42 have been identi®ed and implicated in several developmental processes including eye morphogenesis, axonal outgrowth, dorsal closure and hair development (Luo et al., 1994; Hariharan et al., 1995; Harden et al., 1995; Eaton et al., 1996; Barret et al., 1997; Strutt et al., 1997) .
To analyse the in vivo function of Ral in animal development, we took advantage of the genetic dissections of Drosophila compound eyes, described as follows. A stereotyped, three dimensional arrangement of cells in each ommatidium is formed through regulated cell shape changes during pupal development (Longley and Ready, 1995) , providing us with an excellent model system to study the mechanisms that control cell shape. Moreover, signal transduction mechanisms, including the Ras pathway, involved in the development of the Drosophila eye have been extensively characterized using genetic strategies (Wassarman and Therrien, 1997). In this study, we generated transgenic¯ies in which activated Ral expression was induced in the eye, and used these strains to examine Ral's eect on cell shape changes and the actin cytoskeleton.
Results

Expression of Ral
G23V disrupts normal eye development
To target the expression of Ral in developing eyes, transgenic strains carrying a cDNA encoding wild-type Ral or the Ral G23V mutant (constitutively-activated form; Frech et al., 1990) in the transformation vector pGMR were established. Two GMR-Ral and four GMR-Ral G23V lines were established. We then examined the external morphology and internal structure of the compound eyes from each line. The compound eyes of¯ies carrying one or two copies of GMR-Ral were morphologically indistinguishable from the wild-type eyes (data not shown). On the other hand, each of the GMR-Ral G23V strains displayed eyes with abnormal external morphology (Figure 1b ± c) compared with the regular array of ommatidia in the wild-type eye ( Figure  1a ). The eect of Ral G23V on eye morphology appeared to be dependent on the gene dosage, since the phenotype of¯ies with two copies of the transgenes (Figure 1c ) was more severe than that with one copy (Figure 1b) . To characterize the defects in the internal structure of the ommatidia, we examined sections through the eyes. In the wild-type eye (Figure 1d ), an ommatidium contains eight photoreceptors, seven of which can be observed in one tangential section (Wol and Ready, 1993) . The rhabdomeres, or light-sensitive organelles of the photoreceptors, are arranged in a characteristic trapezoid. Secondary and tertiary pigment cells form pigmented lattices surrounding each ommatidium. In GMR-Ral G23V /+ eyes (Figure 1e ), the orientation of ommatidia was irregular compared with wild-type (Figure 1d ), although almost all of the ommatidia contained the normal number of photoreceptor rhabdomeres. In addition, a severe loss of rhabdomeres and pigmented lattices was observed in transgenic¯ies carrying two copies of the GMR-Ral G23V (Figure 1f ). These phenotypes are not likely to be caused by retinal degeneration after eclosion, since the examination of adults immediately after eclosion showed a similar level of defects (data not shown).
Cell fate determination is initiated normally despite the expression of activated Ral
Signal transduction through the Ras pathway plays a key role in cell fate determination in developing eye imaginal discs (reviewed by Zipursky and Rubin, 1994) . Since Ral functions downstream of Ras (reviewed by Feig et al., 1996) , Ral may be involved in this process. To examine the eect of overexpressing Ral on cell fate determination, developing eyes from third instar larvae and pupae were examined. In the wild-type eye discs from third instar larvae, neuronal dierentiation occurs sequentially following the move- 
Overexpression of Ral in Drosophila eye K Sawamoto et al ment of the morphogenetic furrow (Tomlinson and Ready, 1987) . The pattern of neuronal dierentiation can be examined using an antibody against the neuronal RNA binding protein, Elav (Robinow and White, 1988) . The Elav-immunostaining pattern of eye imaginal discs from GMR-Ral G23V third-instar larvae ( Figure 2b ) was normal and indistinguishable from the wild-type pattern (Figure 2a ), indicating that the initial stage of neuronal dierentiation is not disturbed. At 40 h after puparium formation (APF), most of the GMR-Ral G23V ( Figure 2d ) ommatidia contained eight Elav-positive nuclei but the normal spacing pattern of the ommatidia was disrupted compared with the wildtype pattern ( Figure 2c ). Dierentiation of cone cells and primary pigment cells was examined using anti-Cut (Blochlinger et al., 1993) and anti-Bar (Higashijima et al., 1992) antibodies, respectively. The number of cells in the ommatidia of GMR-Ral G23V eyes stained with these antibodies appeared to be normal: there were four Cut-positive cone cells (Figure 2e and f) and two Bar-positive primary pigment cells (Figure 2g and h) in both wild-type and GMR-Ral G23V ommatidia. However, (Figure 2e and g) was highly disorganized in GMR-Ral G23V eyes (Figure 2f and h) . We conclude that the ectopic expression of activated Ral did not grossly interfere with the initiation of cellular dierentiation, but aected the arrangement of cells in the ommatidia.
Activated Ral protein disrupts the cell shape changes required for normal ommatidial development Until the mid-pupal stage, the morphology of each retinal cell in the ommatidia undergoes dramatic changes (Wol and Ready, 1993) . As Ral has been implicated in regulating CDC42 and Rac activities, it is possible that the expression of activated Ral perturbs the cytoskeletal regulation required for the precise cell shape changes that occur during eye development. To pursue this possibility, the pupal retinas were stained with cobalt sul®de. This technique enables one to visualize the outlines of cells at the apical surface of the pupal retina (Wol and Ready, 1991) . The wild-type retina stained with cobalt sul®de showed the stereotyped pattern of cellular arrangement in each ommatidium (Figure 3a) . However, the cellular arrangements were disorganized in GMR-Ral G23V¯i es (Figure 3b) . Notably, secondary and tertiary pigment cells were misshapen compared with the wild-type cells.
CDC42 and Rac, the putative downstream eectors of Ral, play important roles in the regulation of the actin cytoskeleton (reviewed by Aelst and D'SouzaSchorey, 1997). Then, we next examined the structure of the actin cytoskeleton in the retinal cells. The ®lamentous actin in the retina at 40 h APF was labeled with rhodamine-conjugated phalloidin and examined with a confocal microscope at several distinct focal planes. Phalloidin labels the cell outlines as well as the structure of the actin cytoskeleton in the cells. At the apical plane of the wild-type retina, the outlines of cone and primary pigment cells were clearly observed (Figure 4a ). Filamentous structures composed of actin were also observed in this optical section. In the GMRRal G23V /GMR-Ral G23V retina, more ®lamentous actin bundles were observed, especially in the pigment cells (Figure 4b) . Figure 4c is an optical section through a wild-type pupal retina at the intermediate level. Eight photoreceptor cells (R1-R8) were arranged in a trapezoid, forming the rhabdomere. Outlines of the pigment cells were not recognizable, since they were spread long and thin. In the GMR-Ral G23V /GMRRal G23V retina (Figure 4d ), the shapes of photoreceptor cells and their rhabdomeres were disrupted. In addition, swollen pigment cells were visible between the photoreceptor cells, suggesting that the spreading of cells was impaired. At the basal surface of the wildtype retina (Figure 4e) , secondary pigment cells elongated radially and formed a petal pattern with tertiary pigment cells and bristles. On the¯oor of the GMR-Ral G23V /GMR-Ral G23V retina (Figure 4f ), the petal pattern was highly disorganized. Thus, constitutive activation of Ral aected the organization of the actin cytoskeleton and thus the changes in cell shape.
Ral
G23V synergistically enhances the phenotype caused by expression of RhoA
To search for other genes that might be associated with Ral-induced cytoskeletal defects, GMR-Ral G23V¯i es were crossed to a number of¯y stocks with transgenes or mutations in various genes involved in the Ras pathway, cytoskeletal regulation, or tissue porality. The resulting F1 progenies were scored for modi®cation of the rough eye phenotype (see Materials and methods). As a result, we identi®ed a transgenic line GMR-RhoA as an enhancer of the eye phenotype of GMR-Ral
G23V
. In the GMR-RhoA¯ies, Drosophila RhoA is overexpressed speci®cally in the developing eyes. It has been reported that the phenotype of GMR-RhoA is similar to that of GMRRal G23V described above, i.e., the actin cytoskeleton is disorganized while cell fates are unaected .
Eyes of GMR-Ral G23V /+ (Figure 5a ) and GMRRhoA/+ (Figure 5b) show a mild rough-eye phenotype. On the other hand, eyes of the¯ies carrying both GMR-Ral G23V and GMR-RhoA revealed synergistically enhanced defects (Figure 5c ). The GMR-RhoA/GMR- Ral G23V eyes were extremely rough and had a glossy appearance due to fusion of the facets (Figure 5c ).
To characterize the cellular abnormalities in these mutants, their retinas were sectioned and examined. Figure 5d shows a longitudinal retinal section of the GMR-Ral G23V /+¯y. The GMR-Ral G23V /+ retina showed a nearly normal pattern, i.e., pigment cells extending along and surrounding the rhabdomeres of the photoreceptor cells (Figure 5d ). At the¯oor of the retina, a layer of pigment cell feet was observed ( Figure  5d ). Interestingly, overexpression of RhoA has been shown to inhibit the pigment cell elongation . Indeed, pigment cells failed to extend to the retinal¯oor and the layer of pigment cell feet could not be recognized in the section of the GMR-RhoA/+ retina (Figure 5e ). The GMR-RhoA/ GMR-Ral G23V sections displayed a more enhanced phenotype (Figure 5f ). This retina contained a thin layer of pigment cells at the apical region and lacked recognizable ommatidia (Figure 5f ). This phenotype is similar to that caused by two copies of the GMR-RhoA transgenes . Thus, the similarity of the Ral G23V phenotype with that of RhoA, and the synergy seen with the simultaneous expression of these two genes, suggest that Ral G23V and RhoA might aect the actin cytoskeletal organization by common mechanisms.
Discussion
Ras mediates its diverse biological functions by activating multiple downstream targets (Marshall, 1996) . Guanine nucleotide exchange factors for Ral GTPases including RalGDS, RGL and RLF have been recently identi®ed as Ras eector molecules. In this work, we used the developing Drosophila eye as a model system to elucidate the in vivo function of Ral. Although we used human transgenes in this study, a Drosophila Ral homologue that has high sequence homology with mammalian Ral proteins has recently been identi®ed (K Sawamoto et al., unpublished data) . The Drosophila eye has been used successfully to study the function of human genes Warrick et al., 1998) . The advantage of using the human gene in this study is that the biochemical properties of Ral G23V have been well characterized (Frech et al., 1990; Hinoi et al., 1996) . The human Ral has also been used to study the eects on migration of border cells during Drosophila ovary development (Lee et al., 1996) We believe that Ral recognizes the correct target protein(s) in Drosophila, since the amino acid sequences in the eector domains of human and Drosophila Ral are completely identical with each other.
Drosophila possesses a single homologue of the mammalian N-ras, K-ras, and H-ras genes, called Ras1 (Simon et al., 1991) . Ras1 is activated in response to the activation of multiple receptor tyrosine kinases and plays critical roles in various developmental processes. In particular, the function of Ras1 in ommatidial development has been well documented (Wassarman and Therrien, 1997) . It has been shown that the expression of a constitutively activated Ras1 (Ras1 G12V ) in developing eyes has several distinct eects on various developmental stages, i.e., transformation of non-neuronal cone cells into ectopic R7 cells (Fortini et al., 1992) , induction of hyperplastic growth (Karim and Rubin, 1998) and inhibition of programmed cell death (Sawamoto et al., 1998; Miller and Cagan, 1998) . These functions of Ras1 are likely to be mediated by one of the Ras eectors, D-raf/Raf. Two Drosophila genes coding for possible Ras eectors Canoe/AF6 (Miyamoto et al., 1995; Matsuo et al., 1997) and phosphoinositide 3-kinase (Leevers et al., 1996) have also been identi®ed, but their roles in the Ras pathway have not yet been determined. In the present work, the novel phenotype caused by another downstream-signaling molecule, Ral, indicates that Ral has a function distinct from that of the Raf/ERK pathway.
We showed that overexpression of the GTP-bound form of Ral interfered with normal cell-shape changes during Drosophila eye development. The precise mechanisms of how Ral G23V aects cell shape are unknown. However, identi®cation of RalBP1, a GAP protein for CDC42 and Rac, as a possible eector of Ral (Cantor et al., 1995; Jullien-Flores et al., 1995; Park and Weinberg, 1995) suggests that Ral may function to activate or inactivate the activity of CDC42 and Rac, which control the actin cytoskeleton. Indeed, several data from this study support the idea that the GMR-Ral G23V phenotype was caused by inhibition of cell shape changes due to aberrant organization of the actin cytoskeleton. First, developmental defects became manifest in pupal stages, when the cell shape changes occur for normal eye morphogenesis. Second, the GMR-Ral G23V phenotype was highly similar to that caused by overexpression of RhoA. Third, coexpression of RhoA synergistically enhanced the phenotype caused by activated Ral. Thus, there is a possibility that activated Ral might aect the actin cytoskeleton through regulating members of the Rho family of GTPases. Alterna- -induced phenotype, we examined eects of coexpression of dominant negative CDC42 or Rac on the phenotype of GMRRal
G23V
. However, the phenotype caused by dominant negative CDC42 or Rac was too severe to observe the modi®cation of the phenotype of GMR-Ral G23V (data not shown). Identi®cation and characterization of Ral and RalBP1 homologues from Drosophila are required to further study Ral function in regulation of CDC42 and Rac, and in actin-dependent cell shape changes during development.
In addition to its role in inducing cellular proliferation, Ras is known to have eects on the actin cytoskeleton. Microinjection of activated Ras protein induces membrane ruing or actin stress-®ber formation in cultured cells (Bar Sagi and Feramisco, 1986; Ridley and Hall, 1992) . These defects are due to rearrangement of the actin cytoskeleton, mediated by the Rho family of GTPases (Ridley and Hall, 1992) . In Drosophila, Ras1 has been implicated in cell migration during development of tracheal system and ovary (Reichman-Fried et al., 1994; Lee et al., 1996) . It is possible that Ras1 controls cytoskeleton to regulate the cell motirity and movement during these development processes.
Which Ras eector protein is important for the cytoskeletal rearrangement? Raf is important for oncogenic proliferation, but is not directly involved in regulating the cytoskeleton (Joneson et al., 1996) . Other Ras eectors include phosphoinositide 3-kinase (Marshall, 1996) . Rodriguez-Viciana et al. (1997) have reported that activation of the phosphoinositide 3-kinase is essential in Ras-induced cytoskeletal reorganization. In ®ssion yeast, Ras has been shown to directly regulate a GEF for CDC42 (Chang et al., 1994) , although no such connection has yet emerged in mammalian systems. The data presented here indicate that Ral, which is activated by another family of Raseector RalGEFs, is also able to in¯uence the actin cytoskeleton in the developing Drosophila eye. The regulated activation of multiple eectors of Ras and cross-talking among them may be important for the precise actin rearrangement during transformation as well as for the cell shape changes that occur during development.
Materials and methods
Drosophila stocks and culture
All¯y crosses were performed at 258C on standard cornmeal medium. The GMR-RhoA strain was kindly provided by Dr Iswar Hariharan . Canton-S or w 1118 were used as the wild-type strain. Mutations tested that displayed no interaction with GMR-Ral G23V included alleles of RhoA, cdc42, nemo, hemipterous, basket, Ras1, D-raf, rolled and Dsor1.
Plasmid construction and P-element mediated germline transformation Human cDNAs (Hinoi et al., 1996) coding for wild-type RalB and the RalA G23V mutant (in which Gly-23 was changed to Val) were ligated into the EcoRI site of pGMR (Hay et al., 1994) . The resulting plasmids, pGMR-Ral and pGMR-Ral G23V , were injected into embryos from the w 1118 ; Dr/TMS, Sb P[ry + D2 ± 3] stock to establish the transgenic lines as described previously (Sawamoto et al., 1994) . Multiple independent transformant lines were established and analysed for each construct. All data presented in this paper are from a single strain.
Phenotypic analyses
Flies were prepared for scanning electron microscopy as described by Kimmel et al. (1990) . Semi-thin sections of adult eyes were prepared as described in Sawamoto et al. (1994) . Cobalt sul®de staining of developing retinas was performed as described previously (Wol and Ready, 1991) . Immunohistochemistry was carried out essentially as described (Tomlinson and Ready, 1987) . Phalloidin staining was performed using the method of Hariharan et al. (1995) .
